, in addition to epithelial cells 15 lumen, and perform activities such as secretion and endocytosis of proteins, and protection and 24 transportation of sperm (Robaire and Hermo, 1988 ; Hermo and Robaire, 2002; Breton, 2003) . 25 The number of epididymal proteins implicated in these various processes continues to grow 26 which attests to the marked diversity and complexity of this tissue (Robaire et al, 2006) . Thus 27 alterations in the expression of proteins of these cellular activities will have an effect on the 28 structure and functions of the epididymal epithelium which could impact on sperm maturation. 29
The epididymis of PPCA-/-mice develops major structural alterations in principal, clear, 30 In the present study, the effects of PPCA-deficiency on the integrity of the blood 52 epididymal barrier and functions of the epididymal epithelium was assessed using lanthanum 53 nitrate as a tracer to monitor the integrity of the blood epididymal barrier and LM 54 immunocytochemistry to characterize differences in the expression of four members of the Cldn 55 family of tight junction sealing proteins. Part of the effectiveness of epididymal functions was 56 evaluated by indirectly characterizing the motility characteristics of sperm taken from the cauda 57 epididymidis of PPCA-deficient mice. 58 was blocked for 5-10 min with Dako peroxidase blocking reagent (DakoCytomation;  105 Mississauga, ON, Canada) followed by washing. Immunolocalization of claudins was performed 106 using the Dako Envision + Peroxidase diaminobenzidine (DAB) kit (CAT# K4010). Washings 107 between each step were done for 10 min using a buffer solution containing 0.05 M Tris, 0.3 M 108 NaCl, and 0.1% Tween 20, pH 7.2-7.6. Substrate-chromogen solutions were prepared by adding 109 24 µl of liquid DAB + chromogen to 1 ml of the substrate buffer. The sections were 110 counterstained for 10 sec in a 1:5 diluted solution of 0.1% methylene blue and 0.1% thionin, 111 washed, and quickly dehydrated to Histoclear. Coverslips were mounted on slides with 112 permount. Controls consisted of treating the sections with normal rabbit serum at a dilution 113 similar to that of the primary antibody. All digital images were taken with an Infinity USB 2.0 114
Hi-Speed camera (Lumenera Scientific, Ottawa, ON). 115
Sperm Collection for Motility Analyses 116
Four PPCA+/+ and three PPCA-/-mice at 7 months of age were weighed and 117 anesthetized with isofluorane. The cauda region of the left epididymis of each mouse was 118 dissected and placed in a freezer at -20ºC for subsequent sperm count analyses. The right cauda 119 epididymidis of each animal was clamped both proximally and distally, then excised and rinsed 120 in a 35 mm plastic Petri dish containing pre-warmed Hank's medium M199 (Invitrogen Canada, 121
Inc., Burlington, ON) supplemented with 0.5% bovine serum albumin at 37ºC. It was then 122 transferred to a fresh Petri dish, the cauda region was pierced using a surgical blade (Number 11;  123 Fisher Scientific, Nepean, ON, Canada), allowing sperm to disperse into the medium. After 124 removal of the cauda tissue, the Petri dish was placed in an incubator at 37ºC in 5% CO 2 125 atmosphere for 5 min. Subsequently, an aliquot of the sperm suspension was placed onto an 80 126 µm glass chamber and analyzed using a Hamilton Thorne IVOS automated semen analyzer 127 
Sperm Counts 137
The frozen left cauda epididymis of each animal was thawed and homogenized in a 50 ml 138 conical tube containing 1 ml of distilled water. The tissue was then homogenized on ice for 1-2 139 min with a Polytron. A 100 µl aliquot of the resulting homogenate was placed in a 1. Sperm concentrations in the cauda epididymis were dramatically different. In PPCA -/-173 mice sperm counts were 70% lower than in PPCA+/+ mice (Table 2, Part A). Five parameters 174 defining sperm motility behavior were also significantly reduced including: percent motile, 175 percent progressively motile, and percent of rapid sperm, as well as the velocity descriptors VAP 176 and VSL (Table 2 , Part B). In contrast, the sperm feature descriptor ALH was mildly, but 177 significantly, greater in PPCA-/-mice (Table 2 ) and parameters BCF and %Static sperm showed 178 large significant increases by 144% and 314% respectively in PPCA-/-mice (Table 2, Part B). 179
Relationships within the medium and slow categories of sperm movement were unclear, 180 however, additional analyses revealed that the percentage of medium and slow moving sperm 181
were negatively correlated to percent static sperm in the most severe case (Table 2 improper maturation of sperm. Indeed, numerous macrophages were noted in the epididymal 261 intertubular spaces that suggest a response to antigens emanating from the lumen, some of which 262 could be derived from sperm. The former may secrete factors in response to these antigens that 263 could enter the lumen thereby affecting the sperm themselves and their motility behaviour. 264
The results from the motility analyses (Table 2) show unequivocally that the shift of motility involves sperm from primarily the rapid category 271 and likely to a lesser extent based on Figure 6 , the medium and slow categories in the more 272 severely affected mice. It is also not surprising that differences within the %Medium and %Slow 273 categories despite their large differences in terms of relative percent change (column 4 of Table  274 2, Part B, -30% and 100% respectively) could not be resolved as significant. Indeed the absolute 275 differences they represent is actually quite small (-11% and 2.7% of total sperm in PPCA-/-276 mice) and as ratio values would therefore require large numbers of observations in controls and 277 especially the experimental group to be established as significant. 278
Sperm velocity parameters VAP and VSL were modestly, albeit significantly, depressed 279 whereas the velocity parameter VCL was unchanged in PPCA-/-mice (Table 2, Part B). VCL 280 represents the average velocity over each individual step that a sperm makes while moving. The 281 fact that it remains equal to normal while the velocity calculated between the starting and ending 282 points of the sperm track (VSL) and the velocity computed as an average over all steps in a 283 sperm track (VAP) are shorter suggest sperm in PPCA-/-mice exert more effort moving side-to-284 side than moving forward in space. This conclusion is supported by the findings of a 61% 285 reduction in sperm progressive velocity (%Prog) and much higher BCF and ALH values in the 286 PPCA-/-mice (more center path crossing and thrashings of sperm heads side-to-side; Table 2,  287 Part B). These are all symptomatic of less vigorous sperm being produced in PPCA-/-mice. 288
Summed correlation difference plots identified five motility parameters that appear to 289 stand out more prominently from other parameters in PPCA-/-mice (Fig. 7 A) . These are Elong 290 and BCF, and %Medium, %Slow, and %Static sperm (Fig. 7, A) . Elong, BCF and %Static sperm 291 in this plot show increasing magnitudes in mean differences to wild type mice but they all share 292 a similar level summed correlation differences that is decidedly more negative than the majority 293 of other motility parameters (Fig. 7 A) . %Slow sperm differs from the majority of motility 294 parameters only as a result of its large relative increase in mean difference to wild type mice, 295 whereas %Medium sperm shows a mean difference that is slightly negative but within range of 296 other motility parameters and a summed correlation difference that is much more positive 297 compared to all other parameters. The same five motility parameters were also found to be 298 prominent and arrayed graphically in very similar, although not identical, fashion in knockout 299 mice lacking estrogen receptor alpha (αERKO) (Ruz et al, 2006) . These mice are infertile and 300 the root cause of their problem appears to result from excessive water retention associated with 301 defective expression of transporters in the efferent ducts (Hess, 2002). As documented in this 302 study, PPCA-/-mice have altered expression of Cldns in the caput and corpus regions which 303 makes the lumens leaky thereby upsetting the water and ion balance which may resemble some 304 of the problems encountered in the αERKO mice. 305
The unexpected prominence of %Medium sperm within the dataset is also confirmed by 306 principal component analyses (PCA) of covariances where variable loadings on the first two 307 main axes indicate that %Medium sperm forms a very strong main component along the negative 308 y-axis opposite the velocity parameters VCL, VSL and VAP (Fig. 7 B) . Case loadings done on 309 the same principal components plot show very clearly the dispersed trend for more static sperm 310 in PPCA-/-mice and the tight trend for motile, progressive and rapid sperm in normal PPCA+/+ 311 mice (Fig. 7 B) . This plot clearly shows that the velocities of sperm in PPCA-/-and PPCA+/+ 312 mice (VCL, VSL, VAP) are similar and independent of the amount of static sperm that are in a 313
given sample (Fig. 7 B, vertical spread of all points plotted) . Hence, sperm in PPCA-/-are either 314 static or motile and if they are motile then they travel with velocity features resembling, although 315 not exactly the same, as normal mice. 316
Taken together, results from this study suggest there are several cumulative root causes 317 for fertility problems in PPCA-/-mice. First, PPCA-/-mice produce 70% fewer sperm compared 318 to normal male mice. Second, within this diminished sperm population only 45% of sperm are 319 motile and of these only 20% move in a rapid manner. In comparative terms, this represents the 320 equivalent of only 6% of sperm moving rapidly in PPCA-/-mice (30% production x 20% rapid = 321 6%) relative to the 50% of rapidly moving sperm routinely produced by wild type mice (Table 2  322 Part B). Finally, motile sperm in PPCA-/-show more side-to-side head movements and path 323 crossings as compared to normal mice suggesting that these sperm are less forwardly vigorous. This is the power associated with rejecting the null hypothesis that the two means are equal. The Z-test for comparing two proportions was used in power calculations for variables listed under "Ratios" and "Percentages".
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The number of observations is too low to establish any significance for these differences. 
Legend of Figures

